Abstract A new type of dispenser for slow-release of sex pheromones and other semiochemicals was developed based on sol-gel polymers that can be useful for monitoring, mass trapping, and mating disruption in integrated pest management (IPM). Sol-gel matrices exhibit glass characteristics and allow control of the degree of crosslinking during the polymerization process in order to provide an optimal release rate for a particular pheromone. The advantages of sol-gel (silica) matrixes include keeping the added molecules chemically stable and enabling the sol-gel material to be applied in any desired thickness and pheromone quantity, and thereby readily modify release rates. In addition, sol-gels are primarily silica and water that are common in the environment and therefore safe for field dispensing. We developed a method for the entrapment of pheromones in sol-gel matrices that allowed release at an almost constant rate over many days in the field. For example, 2.5 mg (E)-5-decenyl acetate pheromone of peach twig borer, Anarsia lineatella, entrapped in various sol-gel formulations released 14-45 lg/day for up to 28 days. The codling moth (Cydia pomonella) pheromone in sol-gels was used in field tests to capture more codling moth males than unbaited control traps. We describe how the method may be modified to entrap other types of pheromones by making sol-gels with different pore sizes.
Introduction
In agriculture and forestry, monitoring of pest insect populations uses baits containing microgram to milligram quantities of pheromones (Knutson et al. 1988; McLaughlin and Heath 1989; Bartelt et al. 1994) , while control of pest populations by mating disruption or mass trapping uses formulations deployed at higher densities and total amounts (Stelinski et al. 2005 (Stelinski et al. , 2007a El-Sayed et al. 2006; Miller et al. 2006a, b; Byers 2007) . The development of an insect pest management system employing mating disruption or mass trapping with pheromones, as well as pest monitoring, requires devices or dispensers that release compounds over long periods (Bierl-Leonhardt 1982) . Most pheromone components vaporize quickly if not formulated in an appropriate controlled-release dispenser. Ideally, the release rate of the pheromone should be relatively constant and remain effective during the whole flight period of the pest. Often the sensitivity of various pheromone components to UV and oxidation are poorly known and little attempt is made to protect the components in the field (Ideses and Shani 1988) . Thus, it is desirable that a dispenser-formulation protect pheromone from oxidation and degradation by UV light. This can be achieved by entrapment of the active ingredient in a protective matrix and by the addition of antioxidants and UV inhibitors (Knutson et al. 1988; Ideses and Shani 1988; Millar 1995; Cork et al. 2008) .
The matrix that holds and releases the pheromones plays a significant role in the success of the monitoring or mating-disruption systems (Wilkins et al. 1984; Zdarek et al. 1988; Chamberlain et al. 2000) . There are several successful commercial formulations made of polyethylene tubes, cotton rolls, ropes, or bags baited with pheromones (Brown et al. 1992; Suckling 2000; Johansson et al. 2001) . However, problems may arise when the matrix does not preserve the pheromone and allows either too high a release that exhausts the dispenser too soon, or too low a release that is less than optimal primarily depending on the volatility of the components. Wax dollops and similar materials are increasingly being used to dispense pheromone from many sources in mating disruption (Atterholt et al. 1998; Stelinski et al. 2005 Stelinski et al. , 2007a deLame et al. 2007 ). These systems allow various quantities to be dispensed at various densities in the field in order to optimize coverage, perhaps aided by EAR (effective attraction radius) and mass trapping/mating disruption models (Byers 2007 (Byers , 2008 El-Sayed et al. 2006) . However, wax dollops and in fact most materials (e.g., rubber septa) release volatiles as a declining exponential function (Flint et al. 1978; Bierl-Leonhardt 1982; Vrkoč et al. 1988; Byers 1988; McDonough 1991; Knight 1995; Zada et al. 2002; Stelinski et al. 2005) . This means that the release rate is high immediately after adding the volatiles to the substrate, and then the rate diminishes gradually. This type of release curve would imply the wasting of pheromone initially, then reaching an optimal rate, and later as time progressed diminishing amounts would mean increasingly limited efficacy.
When the pheromone is unstable, usually in the case of aldehydes and polyene compounds, the bait loses its effectiveness rapidly in a matter of a few days. For example, the main pheromone component of the spiny bollworm Earias insulana (Boisduval), a severe cotton pest, is (10E,12E)-hexadecadienal (Dunkelblum et al. 1984) and that of the carob moth Ectomyelois ceratoniae Zeller, a serious pest of dates, citrus and other crops, is (9Z,11E,13)-tetradecatrienal (Todd et al. 1992) . Neither of these compounds can be stabilized in standard lures, and they lose their attractiveness within a short period in the field.
Sol-gels are inorganic polymers of metal alkoxides (usually silicates) that exhibit glass properties and are chemically inert (Kandimalla et al. 2006; Zayat et al. 2007) . A three-dimensional gel network is produced by the condensation of partially hydrolyzed components, and its porous microstructure is determined by the rate of particle growth and the extent of cross-linking. More specifically, sol-gel formation is controlled by the relative rates of hydrolysis and condensation (Fig. 1) . Most molecules can be entrapped in a sol-gel matrix, and they usually retain their characteristic physical and chemical properties (Avnir 1995) . Large-molecular-weight bioorganic molecules such as enzymes, whole cells, antibodies and proteins have been entrapped successfully (Kroschwitz and Howe-Grant 1998) . Silica aerogels are unique porous materials that often consist of less than 10% silicon dioxide and more than 90% air. Because of the high porosity of sol-gels and the ability to vary their density in a controlled manner, they are potential candidates for use as a new type of pheromone-release device. Sol-gels are also environmentally friendly materials because their main decomposition products are non-toxic.
Our first objective was to investigate the properties and preparation methods of various sol-gel formulations as potential slow-release devices of moth pheromones that have different functional groups (alcohol, acetate, and aldehyde) and chain lengths. Secondly, we wanted to measure the release rate of a moth sex pheromone (peach twig borer, Anarsia lineatella Zeller) from various sol-gel preparations in the field to determine which formulations provided a constant release. Finally, we wanted to indicate the potential of further development of sol-gels in applied control programs by showing that several possible formulations can attract codling moths, Cydia pomonella (L.), in the field.
Materials and methods

Chemicals
All fine chemicals were purchased from Aldrich (St. Louis, MO, USA) unless stated otherwise, and were used without further purification. Solvents were purchased from BioLab (Jerusalem, Israel) Ferrer et al. (2002) . The tube was weighed periodically until all of the methanol had evaporated, 100 ll of 2% Tween 20 in methanol was added, the solution was stirred, and 0.2 ml of 0.049 M NH 4 OH added to complete the gelling process. A gel was formed after a few seconds. The tube was kept at room temperature for five days and then stored in a refrigerator.
The effect of pH was tested with a mixture of 1 ml of TMOS and 1 ml of 0.001 M HCl stirred vigorously in a test tube by means of a vortex machine to obtain a homogeneous sol. After the methanol had evaporated as described above, 100 ll of 2% Tween 20 in methanol was added, the solution stirred, and 0.025, 0.05, 0.1 or 0.2 ml of 0.049 M NH 4 OH was added to complete the gelling.
The effect of solvent was explored with a mixture of 1 ml of TMOS and 1 ml of 0.001 M HCl stirred vigorously in a test tube by means of a vortex machine to obtain a homogeneous sol. After the methanol had evaporated as described above, 100 ll of 2% Tween 20 in methanol or THF (tetrahydrofurane) or acetone was added, the solution stirred, and 0.2 ml of 0.049 M NH 4 OH added to complete the gelling. After five days at room temperature all the gels had solidified.
Using the same procedure as described above, we tested the addition of the following surfactants (dissolved in methanol): (1) a cationic surfactant, hexadecyl pyridinium chloride hydrate; (2) an anionic surfactant, sodium laurylsulfate; (3) two non-ionic surfactants, Tween 20 and PEG600; and (4) dioctylphthalate, as a polymeric softening agent.
Preparation of copolymers of TMOS and MTMOS containing pheromones with various functional groups and chain lengths A mixture of 0.95 ml of TMOS, 0.1 ml of MTMOS and 1 ml of 0.001 M HCl was vigorously stirred in a test tube by means of a vortex machine to obtain a homogeneous sol. The alcohol was removed as described above. After the methanol had evaporated, 100 ll of 2% Tween 20 in methanol and 1 mg of each pheromone dissolved in 100 ll of methanol were added. The solutions were stirred quickly and 0.2 ml of 0.049 M NH 4 OH added to complete the gelling. The following pheromones were entrapped: (1) (Z)-11-hexadecenal (cotton bollworm, Helicoverpa armigera); (2) (7Z,11E)-hexadecadienyl acetate ? (7Z,11Z)-hexadecadienyl acetate 1:1 [pink bollworm, Pectinophora gossypiella (Saunders)]; (3) (Z)-7-dodecenyl acetate (a common component of moth pheromones); and (4) (8E,10E)-dodecadienol (codling moth, Cydia pomonella). After five days at room temperature all gels had solidified although they were slightly turbid.
Effect of increasing ratio of TMOS to MTMOS, ETMOS, PTMOS, or OTMOS
TMOS was mixed with each of either MTMOS, ETMOS, PTMOS, or OTMOS in ratios of 400, 200, 100, 50, 40, 30, 20, 10 or 5% in a test tube to obtain 1-ml volumes of the mixtures. One milliliter of 0.001 M HCl was added to each mixture which was vigorously stirred with a vortex machine to obtain a homogeneous sol. After the methanol was removed, 1 mg of (Z)-7-dodecenyl acetate, or (9Z,11E)-tetradecadienyl acetate (pheromone component of Egyptian cotton leafworm, Spodoptera littoralis), and 1 mg of PEG600, both dissolved in 100 ll of methanol, were added and mixed, and 0.2 ml of 0.049 M NH 4 OH added to complete the gelling.
Release rates of peach twig borer pheromone from sol-gels in the field Sol-gels of TMOS and 10, 20 or 30% MTMOS, ETMOS and PTMOS containing peach twig borer pheromone were prepared with TMOS and appropriate amounts (10, 20 or 30%) of either MTMOS, ETMOS, or PTMOS, and 1 ml of 0.001 M HCl. Each mixture was stirred as described above. Then 100 ll of 10% Tween 20 in methanol and peach twig borer pheromone [2.5 mg of (E)-5-decenyl acetate] dissolved in 100 ll of methanol were added. The solution was stirred quickly and 0.2 ml of 0.049 M NH 4 OH added to complete the gelling. After five days the gels were rolled in an aluminum foil and kept at 4°C pending use.
Sol-gels glass wrapped in perforated cotton cloths (to avoid scattering of glass particles during degradation) were hung under a tree in Bet Dagan, Israel (July 29 to August 26, 2004) . From three to five samples were taken for analysis after 0, 3, 7, 14, 21 and 28 days. The samples were dissolved in 2 ml of methanol and shaken for 2 h in an ultrasonic bath (Model 3510; Branson, Danbury, CT, USA) cooled with ice. Aliquots of 50 ll were transferred into a mixture of 0.5 ml n-hexane and 0.5 ml H 2 O, plus 50 lg of (Z)-7-dodecenyl acetate dissolved in 50 ll n-hexane as an internal standard. After the mixture had been shaken, the organic phase was separated and dried with MgSO 4 pending GC analysis. Onemicroliter samples were injected and analyzed by GC (Model 6890; Hewlett-Packard, Wilmington, DE, USA), equipped with an Agilent HP5 column (30 m 9 0.25 mm ID, 0.25 lm coating). The column was kept at 60°C for 2 min and then programmed to 180°C (4 min) at a rate of 20°C/min. The quantity of pheromone was calculated in accordance with the ratio between the detector responses to the pheromone and internal standard. Linear regression (Sokal and Rohlf 1995) was performed on the amounts left from day 3 (after apparent equilibrium) to day 21 (before pheromone release apparently ceased).
Testing sol-gels of TMOS and PTMOS with codling moth pheromone in the field A mixture of TMOS and the appropriate amount (2, 5, 10 or 30%) of PTMOS and 1 ml of 0.001 M HCl was vigorously stirred in a test tube by means of a vortex machine to obtain a homogeneous sol. After the methanol had evaporated, 100 ll of 10% Tween 20 in methanol and 0.5, 1.0, 2.0, or 10.0 mg of codling moth pheromone (8E,10E)-dodecadienol dissolved in methanol were added. The solution was stirred quickly and 0.2 ml of 0.049 M NH 4 OH added to complete the gelling. After five days the gels were rolled in an aluminum foil and kept at 4°C pending use.
Codling moth (Cydia pomenella) is a pest of apples, pears and walnuts (Stelinski et al. 2007b and references therein), hence the field tests were conducted in a walnut orchard in Kibbutz Tzuba. Various sol-gels wrapped in perforated cotton cloths (to avoid scattering of glass particles during degradation under field conditions) were hung in funnel traps (IPS) compared to an empty trap. DDVP (dichlorvos insecticide) dispensers were put in all traps to kill any trapped males. Five replicates of traps with each treatment were exposed in a codling moth-infested walnut orchard in Kibbutz Tzuba, near Jerusalem. The traps were hung randomly in separate rows of trees, with one trap of each treatment in each row. Treatments were compared to unbaited control traps by t-tests after square-root (value ? 0.5) transformation (Sokal and Rohlf 1995) .
Results
Effect of water/TMOS ratios, pH, solvents, and surfactants on sol-gel preparation In developing a new method for the preparation of sol-gels containing pheromones we found that the best water/TMOS ratio for the gels was 8:1, since gels prepared with other ratios developed cracks after a few days at room temperature. The pH also is an important factor in successful preparation of sol-gels because pH influences the rates of both hydrolysis of the TMOS and condensation of the hydrolyzed monomers. Except for MTMOS, none of the alkyl trimethoxyorthosilicates hydrolyzed rapidly at pH 7, thus hydrolysis of TMOS was accelerated in a slightly acidic medium. After addition of the pheromone, a base should be added to promote rapid condensation. Addition of an excess of an ammonium base, such as 10 times the molar amount of acid, prevented the formation of cracks. The solvent in which the pheromone and the surfactant were dissolved was also important. THF and acetone have a lower surface tension than water and methanol, therefore using THF/acetone reduces the capillary pressure that could cause the collapse of the porous structure. However, since we did not observe any differences between THF, methanol and acetone, we chose methanol as the preferred solvent.
A surfactant was an important additive in the sol-gel preparation, mainly to prevent cracking. Usually the gel was dried in glass tubes, and the surfactant can reduce the mutual affinity between the gel and glass; the surfactant can also increase the affinity between the gel and pheromone. Gels were obtained without cracks only when non-ionic surfactants were used. However, when (Z)-7-dodecenyl acetate was added, we noticed that PEG600 gave transparent gels whereas Tween 20 did not. Since transparency indicates homogeneity, PEG600 was selected as the surfactant.
Preparation of copolymers of TMOS and MTMOS containing pheromones with various functional groups and chain lengths
Four pheromones with various functional groups and chain lengths common in many moth pheromones (Byers 2006; El-Sayed 2008) were entrapped in gels of TMOS and 5% MTMOS: 1. (Z)-11-hexadecenal (cotton bollworm); 2. (7Z,11E)-haxadecadienyl acetate ? (7Z,11Z)-hexadecadienyl acetate in a 1:1 mixture (pink bollworm); 3. (Z)-7-dodecenyl acetate (a common moth pheromone component); and 4. (8E,10E)-dodecadienol (codling moth). After 5 days at room temperature, all the gels had solidified, although they remained slightly turbid and their structures (rods of approximately 2-cm length and 8-mm diameter) were preserved even after 3 months under these conditions.
Effect of increasing ratio of TMOS to MTMOS, ETMOS, PTMOS, or OTMOS
The effect of increasing the proportion of alkyl trimethoxy orthosilicate in the sol-gels was studied by using TMOS in proportions of 400, 200, 100, 50, 40, 20, 10, or 5% with either MTMOS, ETMOS, PTMOS, or OTMOS, together with 1 mg of (Z)-7-dodecenyl acetate (Figs. 2 and 3) . The results indicate that generally the gel became more transparent as the relative amount of TMOS was increased. However, with OTMOS, the polymerization proceeded very slowly and produced white and very brittle solids, indicating that OTMOS was not suitable for preparation of sol-gels by this method. The longer alkyl group in these comonomers results in brittle solid gels at lower concentrations of the comonomer (Figs. 2 and 3) . The concentration of the PTMOS comonomer affected the transparency of the gels doped with the pheromone (9Z,11E)-tetradecadienyl acetate (Egyptian cotton leafworm): the gels became more transparent at higher concentrations of PTMOS (Fig. 4) .
Release rates of peach twig borer pheromone from sol-gels in the field Generally, under outdoor conditions the various sol-gel formulations containing peach twig borer component E-5-decenyl acetate lasted at most 28 days (Figs. 5, 6, 7) . The release rates became rather constant after a short period (before day 3) apparently when reaching an equilibrium in release rate (Figs. 5, 6, 7) . Sometime after day 21, most sol-gels stopped releasing pheromone because the amounts left on day 28 did not decline appreciably (Figs. 5, 6, 7) . Thus, data from day 3-21 were used in the linear regressions (dashed lines) to report release rates (slope = amount released per day) that were relatively constant as indicated by higher R 2 (Figs. 5, 6, 7) . However, there were no significant differences in the pheromone release rates from the various matrices, nor any significant differences due to comonomer/TMOS proportions, probably because of variations in the pore size of each of the matrices, a factor that also affected the reproducibility of the results (R 2 values).
Testing sol-gels of TMOS and PTMOS with codling moth pheromone in the field
Field tests were conducted with the codling moth pheromone using TMOS/PTMOS gels because this matrix seemed promising since it was homogeneous and visibly transparent. The alkylic tail of the alkyl trimethoxyorthosilicate comonomer (PTMOS) may enhance the lipophilicity of the gel. However, this monomer decreases the cross-linking and hence enlarges the cavities in which the pheromone can be trapped. The monomer also enlarges the microporous structure, resulting in pheromone loss. These factors were considered in ''trial and error'' tests to obtain a matrix with an appropriate slow release. In the first test (28 April to 9 May 2004) in the walnut orchard, five unbaited control traps caught no males, five traps with 30% PTMOS sol-gels impregnated with sex pheromone caught just 3 males (mean of 0.6/trap, n = 5) while 10% PTMOS caught 22 (mean of 4.4/trap, P = 0.046, t = 2.35, df = 8).
In subsequent tests (Tables 1 and 2 ), males were lured by other sol-gel preparations more so than by unbaited control traps. We noticed that our sol-gel matrices first shrank due to water loss and then degraded into small glass beads over a period of a few weeks under field conditions. The degradation products of the matrices are mostly silica and water that are both environmentally friendly.
Discussion
The relatively high volatility of insect pheromones required development of a new approach to the preparation of sol-gels. Most procedures to make sol-gels in the literature use heating or reduced pressure to eliminate by-products of the process, such as methanol and water, in order to achieve mechanical stabilization of the gel (Rao and Kulkarni 2002; Costa et al. 1997) . Usually, the molecules to be entrapped are mixed with the reagents at the beginning of the preparation; then after the gel is formed, water and the solvent are evaporated. Since many pheromone components would likely not survive these conditions, this approach was unsuitable for our purposes. A second difficulty was the difference in lipophilicity between pheromones and sol-gels. The microenvironment in SiO 2 may be too polar for entrapment of a lipophilic molecule such as moth pheromones, therefore, the possibility was tested of combining Si(OCH 3 ) 4 and alkylsilanes Si(OCH 3 ) 3 R, where R is an alkyl non-hydrolyzable group. The latter monomer actually controls the cross-linking of the polymer and therefore the pore size, as does any polymer cross-linking agent. So far, we have found no published reports on the entrapment of volatile molecules in sol-gels. A major limitation in the production of these materials is the relatively long time required for drying. There are two main drying techniques, classical and hypercritical drying, neither of which is conducive for pheromone entrapment. This is because our experience suggests it would be preferable to entrap the pheromone in the gel after completion of drying, or to avoid the drying process completely to reduce losses and degradation of the pheromone.
We found that beyond five days after the preparation of the matrix, only 60-70% of the pheromone could be extracted from the sol-gel by common solvents such as THF, methanol, or acetone. Introduction of a guest molecule is usually performed by adding the dopant to the polymerization mixture, so that when the polymerization is completed, the guest compound is entangled with the inorganic matrix. The nature of these interactions is not fully understood: the molecules may be trapped, adsorbed on pore surfaces, or chemically bound into the inorganic structure. There are also difficulties in producing these materials with ideal characteristics, since the quality of the sol-gel depends on specific steps in the procedure, mostly in the gel-drying process. Organic compounds, particularly volatile ones such as pheromones, rarely survive temperatures above 200°C during such processes. Levy and Esquivias (1995) reported that incorporation of organic dyes into sol-gels and drying, even at temperatures below 150°C, resulted in cracking, shrinkage and high porosity, which facilitated the leaching of the small molecules. Moreover, it is likely that some of the pheromone was trapped within cavities in the matrix that are accessible only through micropores, through which the pheromone molecules were too large to pass.
Our results demonstrate the concepts and properties needed to prepare sol-gel matrices for slow-release of semiochemicals. Sol-gel matrices doped with pheromones were developed and the model matrices released the moth pheromones at almost constant rates for up to a month even under field conditions during mid summer (August 2004) in a Mediterranean climate. However, further development of sol-gel matrices with uniform pore sizes is needed to improve the reproducibility of release rates and to facilitate the preparation of superior pheromone lures. In mating disruption programs, when higher doses of pheromone are needed to be employed, the amorphous nature of sol-gels allows manipulation of semiochemical release rates simply by increasing pheromone/sol-gel ratios and the sol-gel quantity. Furthermore, one or more of the seven pheromone components we entrapped in sol-gels are reported to be attractive to at least 359 moth species (Byers 2006; El-Sayed 2008) , indicating the wide applicability of our a Traps (n = 5) were exposed in a walnut orchard in Kibbutz Tzuba, Israel b Catch was significantly different from unbaited control traps in the same column, P \ 0.05 methods. Other pheromone components, especially more polar types, appear suitable for release by sol-gels but further work is needed. Sol-gels in our study had a constant release rate of pheromone that is desirable compared with currently used substrates (e.g., wax dollops, rubber septa, plastic vials, cotton rolls) that exhibit exponentially declining release rates (Flint et al. 1978; Bierl-Leionhardt 1982; McDonough 1991; Knight 1995; Johansson et al. 2001; Zada et al. 2002; Stelinski et al. 2005 ). Our release rates of peach twig borer pheromone ranged from 14 to 45 lg/day from sol-gels initially impregnated with 2.5 mg of pheromone, which compares satisfactorily with releases of moth pheromones from rubber septa (16C aldehydes in field: Scentry gray septum: 10.7 lg/day, Trece red septum: 45 lg/day, Knutson et al. 1988) . Similar releases were found by Flint et al. (1978) who applied from 1 to 12 mg of pink bollworm pheromone to rubber septa and obtained optimal field catches with release rates of from 5 lg to 48 lg/day, respectively. Further development of sol-gel formulations for monitoring lures and mating disruption dispensers should allow optimization of release rates for efficient management of insect pests with particular pheromones in the field. Another advantage that should be emphasized is that use of sol-gels is environmentally friendly and safe because the degradation products are mostly water and silica.
